This study explored the effects of trans-tibial prosthesis pylon flexibility on ground reaction forces (GRFs) associated with walking and stepdown. Four (4) active subjects with unilateral trans-tibial amputation and pylon lengths ranging from 4.9cm to 25.9cm were studied wearing an aluminium (rigid) pylon and a nylon (more flexible) pylon. Ground reaction forces were collected for the amputated limb during walking at pre-measured self-selected velocity and when stepping down from a 20cm box. Pylon material significantly affected the magnitudes and patterns of GRFs in both tests. During walking, the most notable differences were seen in the anteroposterior (AP) direction. With the flexible pylon, the AP propulsive peak was greater (p=0.031), and the irregularities in the AP force curve were reduced. Additionally, when walking with the flexible pylon, the vertical peak associated with weight acceptance occurred earlier (p=0.010), the vertical terminal stance peak occurred later (p=0.012), and stance time was longer (p=0.010). During step-down, the vertical loading rate (p=0.010) and the peak vertical force (p=0.010) were greater with the more flexible pylon. Subjective feedback indicated that subjects could distinguish between the two pylons and felt that the nylon component was more comfortable, more flexible, and would enable them to walk more quickly. These results All correspondence to be addressed to Kim Coleman,
Introduction
Advances in materials science have facilitated the development of improved prosthetic components such as dynamic elastic response feet, which are now commonly prescribed. Both standardised mechanical testing and gait laboratory studies are routinely performed to characterise and identify functional differences between components, most commonly between different types of feet. Studies examining the effect of flexible versus rigid prosthetic feet on ground reaction forces (Engsberg et al, 1993; Hurley et al, 1990; Menard et al, 1992; Mizuno et al., 1992; Powers et al, 1994; Prince et al, 1992) , and on joint moments and power (Czerniecki et al, 1991; Lehmann et al., 1993; Schneider et al, 1993) have typically included the SACH foot as the rigid component and several dynamic response feet, including the Flex-Foot™, as the flexible components. With respect to measurable gait parameters, the Flex-Foot™ has generally been found to behave most like the natural limb and the SACH foot least like the natural limb.
Structurally, the Flex-Foot™ is a different system from most modular feet; rather than consisting of a foot attached to a pylon with a rigid connector, the pylon and foot are a continuous unit that attaches directly to the prosthetic socket. Flexing of the unit can be achieved continuously throughout the component. In studies comparing modular feet to such continuous units, the type of pylon used with the modular feet is rarely disclosed. It is likely that to some extent the reported differences reflect the behaviour of the pylon portion of the limb as opposed to the foot. Few reports are available that separately address pylon and foot effects.
There are many possible variations in pylon design that will affect component behaviour, one of which is simply the constituent material. The purpose of this study was to examine the influence of pylon material stiffness on the ground reaction forces associated with walking and step-down. The study also explores how pylon flexibility affects subjects' perception of comfort, flexibility and function of the prosthesis.
Methodology

Subjects and components
FOUT (4) active males with unilateral transtibial amputation, at least 8 years postamputation, were enrolled in the study. All subjects signed an approved human subjects consent form. The subjects had no ongoing medical problems that would compromise gait or impair proprioceptive feedback. A clinical examination by a physician and prosthetist confirmed that each participant had a consistent gait pattern.
At the time of enrolment, all subjects were using a patellar tendon bearing CAD/CAM socket (Boone et al., 1994) and Seattle™ Limb prosthetic components (Ellepola and Sheredos, 1993) . During the study, subjects wore the same socket that they had been using at the time of enrolment. Prior to data collection, all components distal to the socket were removed and replaced with a test system which consisted of an appropriately sized dynamic response foot (Seattle™ LiteFoot), proximal and distal titanium tube clamp adapters, and interchangeable pylons. Subjects were allowed to walk until they felt accustomed to the test components. The Seattle™ Lite Foot was chosen because it is a commonly used moderately priced foot that does not have an intrinsic pylon.
The pylon materials were selected to represent a wide spread of material properties. An aluminium pylon (30mm OD, 25.1mm ID) (USMC) and a nylon 6/6 pylon (30mm OD, 16.3mm ID) of the same length were fitted to each subject. The stiffness of the pylonsmodelled as cantilever beams of uniform cross-section with transverse force applied to the nonsupported end -are calculated as 17EI where 1 is the pylon length in metres, E is elastic modulus and I is the cross-sectional moment of inertia. For the specific components used, the stiffness was P/3,580 m/N for the aluminium pylon, and 17328 m/N for the nylon. Hence, the relative stiffness independent of length was 10.9 such that for any given load the nylon pylon will deflect 10.9 times as much as the aluminium pylon of the same length.
The pylons were covered with black plastic tape to blind the subject and interviewer to the condition. With each pylon, the prosthesis was dynamically aligned for optimal gait based on evaluation by the same prosthetist and physician.
Data acquisition I. Walking trials
Prior to changing components, self-selected walking speed was determined for each subject on their original prosthesis during a several minute walk over a course of pre-measured distance.
The walking trials were completed in a 10m walkway along which a 0.60m x 0.90m Kistler force platform was embedded flush with the floor, with the long dimension aligned with the line of progression along the walkway. To avoid targeting, subjects were instructed to walk with the head up and watch the far wall of the room as they performed the trials. Experimenters rejected any trial that involved targeting. Foot location on the platform was visually assessed, and trials with contact beyond or at the edges of the platform were rejected.
Force platform data were sampled at 480Hz. Using photoelectric cells, walking speed was calculated for each trial. An acceptable trial was required to have (1) a walking speed of within ±5% of the self-selected walking speed, (2) the entire foot located on the platform and not at the edge of the platform, and (3) no evidence of targeting. Five acceptable walking trials were completed per subject for each pylon condition. For reference, each subject also completed three walking trials in which GRFs were measured for the contralateral limb.
II. Step-down trials
A step-down test was conducted to amplify possible material effects. Subjects stepped off a 20cm box onto the centre of the force plate with 
III. Interview
Subsequent to the gait laboratory trials, subjects were asked the following five questions: (1) Was one pylon more flexible? (2) On a scale of 1 to 5, how much more flexible was it? (3) Was one pylon more comfortable than the other? (4) On a scale of 1 to 5, how much more comfortable was it? (5) Did either pylon influence your walking speed?
Data analysis
The following variables were analysed for the walking conditions: the two vertical force (Fz) peaks associated with weight acceptance and terminal stance push-off; the shear loads coinciding with the Fz peaks; the timing of the two Fz peaks as a percentage of stance time; the average vertical loading rate; the magnitude and timing of the maximum vertical loading rate; the magnitude and timing of the braking and propulsive AP shear (Fy) peaks; and the duration of stance. Irregularities in the force patterns were Anteroposterior GRF/Time curves for one subject with trans-tibial amputation walking at ± 5% of self-selected velocity. This subject had the longest pylon (25.9cm) and most clearly showed the differences found between pylon conditions. The typical mid-stance Fy irregularities within the aluminium pylon can also be seen. Selected variables related to vertical force peaks f Fz peak 1 (N) Fz peak 2 (N)
Fy at Fz peak 1 (N) also examined and qualitative comparisons were made between prosthetic and contralateral side patterns. The instantaneous loading rate was calculated by fitting a line to the five samples centred on each point of interest using a least mean squares method. The rate of loading for the central data point was defined as the slope of that line. The average loading rate was defined as the mean of the instantaneous loading rate values for all samples between 30% and 85% of the first vertical force peak. The maximum loading rate was defined as the greatest instantaneous loading rate during the same 30% -85% phase of the initial loading peak. The 30% boundary was chosen to avoid including in the calculation any early irregularities in the vertical force curve related to pistoning in the socket. The 85% boundary was chosen because it is contained within the nearly linear portion of the initial loading curve, and thus facilitates repeatable calculations of average loading rate.
The Wilcoxon matched-pairs sign-ranked test was used to compare the two conditions.
Results
The subjects' body mass ranged from 75 to 109kg with a mean of 89kg. Pylon lengths ranged from 4.9 to 25.9cm with a mean of 13.3cm. Selfselected walking speed ranged from 1.29 to 1.41m/s with a mean of 1.34m/s. Table 1 provides a summary of subject characteristics.
I. Walking trials
Means, standard deviations and Wilcoxon p-values for the walking trials are reported in Table 2 . Stance time was significantly longer (p=0.010) for the flexible pylon condition, with a mean difference of 7ms. The initial vertical loading peak (Fz Peak 1) was found to occur significantly earlier in the flexible pylon condition (p = 0.040), while the second vertical force peak, the push-off peak (Fz Peak 2), was found to occur significantly later (p = 0.012). Additionally, significant differences were seen in the anteroposterior forces (Fy) coinciding with the Fz peaks. The backwarddirected force at the time of the vertical push-off peak was 27.3% greater for the flexible pylon (p=0.031). Correspondingly, the flexible pylon was associated with a trend toward greater forward-directed force at the time of the initial vertical loading peak (p=0.062).
The most striking qualitative differences were seen in the Fy patterns where the rigid pylon condition yielded more irregularities than did the flexible pylon. Additionally, the force patterns associated with the flexible pylon tended to more closely resemble those of the contralateral (non-amputated) limb. Although the specific pattern of differences in AP forces varied across subjects, for any given subject, the curves were strongly grouped by pylon condition. Figure 1 shows representative Fy curves for one subject. 
II.
Step-down trials Means, standard deviations and Wilcoxon p-values for the step-down trials are reported in Table 3 . Sample curves for one subject are shown in Figure 2 . The average vertical loading rate was 22.6% greater (p = 0.010) and the initial peak vertical force was 13.3% greater (p = 0.010) for the flexible pylon condition.
III. Interview
In response to the five standard questions regarding perceived differences between pylons, three out of four subjects definitively expressed that they could feel differences. Three subjects identified the nylon pylon as being more flexible and comfortable, and the subjects felt it would enable them to walk faster. Subject 2, who had the shortest pylon, did not report perceived differences between the pylons. The responses are tabulated in Table 4 .
Discussion
Although the pylon materials used in this study were unsophisticated, these data demonstrate that the material properties of the prosthetic pylon alone have significant measurable and perceptible effects on gait. During walking with the flexible pylon, earlier vertical loading and later vertical push-off peaks, along with greater maximum AP forces, suggest that the subjects transferred weight to and from the prosthesis more dynamically. The reduction in irregularities of the AP force patterns denotes a smoother transition between braking and propulsion. With rigid components, the transitions between heel contact, mid-stance and toe-off are necessarily abrupt since the entire prosthesis and stump are in a fixed orientation with the foot. The flexing of a compliant pylon may moderate the transitions by slightly decoupling the positions of the foot and the socket.
The step-down results associating a greater vertical loading rate and greater peak vertical force with the more compliant pylon are consistent with the walking results, but are also counterintuitive. From a purely mechanical perspective, the more flexible component would be expected to attenuate loading. The reaction forces, however, depend not only on the pylon characteristics, but also on the absorptive mechanisms employed by the whole body. It may be that subjects anticipated a difference in comfort and adjusted neuromuscular stiffness accordingly, allowing greater stiffness when using the flexible pylon.
Because the length of each subject's pylon was different, as was body mass, the degree to which pylon flexibility could affect gait was different for each subject. In the force measures, the subject with the longest pylon showed the most definitive differences between conditions. Likewise, for the subjective responses, the subject with the shortest pylon was least able to differentiate the conditions. Force patterns that more closely reflect those of the non-amputated limb and the positive subjective responses both indicate that the flexible pylon was preferable to the rigid pylon.
The data from this study are not sufficient to draw broad conclusions due to the small sample size and lack of kinematic measures, but they do strongly suggest that the pylon may have an important role in the mechanics of the prosthesis.
Conclusion
The results of this study suggest that flexible pylons have significant effects on gait mechanics and on users' subjective experience with the prosthesis. More extensive research is needed to understand the role of pylon flexibility in the overall function of the prosthesis, to determine what constitutes optimal flexibility, and to provide input for the design of improved components.
